The use of biocathodes in bioelectrochemical systems (BES) for the removal of nitrate in wastewater has become a vital field of research. However, the elucidation of the underlying extracellular electron transfer (EET) fundamentals of denitrifying biocathodes is still lacking, but required for a deeper BES understanding and engineering. This study reports for the first time on the thermodynamics of microbial cathodes for nitrate and nitrite reductions using microbial microcosms isolated from a running denitrifying BES. Cyclic voltammetry showed that nitrate and nitrite reduction proceed at -0.30V, and -0.70V vs. Ag/AgCl, respectively, by surface associated EET sites. The biocathodes were predominantly covered by Thiobacillus sp. contributing with a nitrate reductase (narG) to the major function of the microscosms. In conclusion, the EET characteristics of denitrifying biocathodes are demonstrated for the first time.
Introduction
The removal of nitrate ) from wastewater is a worldwide concern [1] .
Conventional treatments based on biologic heterotrophic denitrification (i.e. organic carbon as bacterial carbon source) are often limited by the availability of the electron donor [2] . Alternatively cathodes of bioelectrochemical systems (BES) are considered as a safe and endless source of electrons for autotrophic microbial nitrate reduction with inorganic carbon being the only microbial carbon source [3, 4] .
So far, research efforts have been focused on optimizing operational parameters of denitrifying-BES (d-BES). The influence of the cathode potential [5] , the pH [6] , or the conductivity [7] were assessed and microbial community analyses was shown a highly diverse community, suggesting a potential key role of Proteobacteria [8] . In addition to the only scattered information from the engineering perspective, the underlying fundamentals of the microbial extracellular electron transfer (EET) are still untapped.
The EET of denitrifying bacteria depends on the thermodynamics of the involved four reduction steps [9] (eq.1, shown vs. Ag/AgCl and pH 8).
The midpoint potentials (E m , respectively formal potentials) of isolated denitrifying enzymes of specific microbial species were elucidated. Nitrate reductase GHI [10] , Cu nitrite reductase [11] and Cu nitrous oxide reductase [12] presented potentials of -0.19V, -0.07V and -0.14V (vs. Ag/AgCl), respectively. However, nothing is known on the EET of denitrifying biocathodes.
Within this communication we report on the EET characteristics of denitrifying biocathodes using microcosms, i.e. an artificial simplified ecosystem, isolated from a running denitrifying-BES, allowing detailed cyclic voltammetric, physiological and
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4 molecular biological analysis. This study focuses on the reduction of nitrate to nitrite as a model process, but certainly, the generation of further reduced products (like greenhouse gases NO and N 2 O) is of enormous relevance, e.g. for greenhouse gas emissions.
Materials and methods

Experimental set-up
The experiments were carried out in tailor-made single-chamber bioelectrochemical cells (microcosms). Each microcosm ( Figure 1) state performance, was used for data analysis in accordance to [15] . The coulombic efficiency (CE) for nitrate reduction to nitrite was calculated considering the consumption of two moles of electrons per mol of reduced nitrate.
Analytical methods
Nitrate and nitrite were analyzed using photometric tests (114563 NO 3 -Spectroquant® and 100609 NO 2 -spectroquant®; Merck, Germany).
Microbiological analyses
Terminally, the electrodes were stored at -20°C. DNA was extracted according to [16] .
PCR amplification of 16S rDNA and functional denitrification genes was done according to [16] and [17] .Representative samples were further cloned and sequenced.
Results and discussion
Performance of denitrifying microcosms
Microcosms performances, including current consumption, accumulated charge, nitrate reduction and CE, are summarized in A C C E P T E D M A N U S C R I P T change of media implied that suspended biomass was removed from the set-up and thus, the bioelectrochemical activity can be assigned to microorganisms attached to the electrode (biofilm). All results are summarized in Table 1 and Figure 2 The current density of all microcosms was highest, when being exposed to a nitrate solution, followed by nitrate plus nitrite and nitrite. For all microcosms no reduction current was observed for buffer solution, demonstrating the need for NO 3 -and/ or NO 2 -to serve as electron acceptor.
In . Remarkably, the E 1 at -0.30V was stable, but a double-sigmoidal shape of the CV-curve was found with a second EET-site at E 2 = -0.70V. When only nitrite (and no nitrate) was present as electron acceptor, electrodes in the microcosms showed only one reductive peak at -0.70V (Fig 2 A-D) . These results clearly show that E 1 =-0.30V represents nitrate to nitrite reduction and E 2 = -0.70 V nitrite reduction. The NO 2 -reduction signal, being (at identical concentration) higher in the absence of NO 3 -, points to the competition between denitrifying enzymes respectively an inhibition of nitrate reduction at too high nitrite concentrations [18, 19] .
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In conventional heterotrophic denitrification the accumulation of denitrification intermediates could be related not only to a lack of electron donor, but also to the electron competition between denitrifying enzymes when the whole denitrifying pathway is performed within the same microorganism [19] . We assume that in the evaluated biofilms, nitrate reductase(s) used electrons more efficiently, which can also be explained by its operating potential of -0.32V that is triggering the build-up of EETsites catalyzing the first reaction step.
Redox-peaks for non-turnover CVs, allowing a further characterization of the EET mechanism [20] , were also detected (Fig 2. E-H) -a finding hardly reported for biocathodes, so far [21] . First, a redox couple with a midpoint potential between -0.24V
and -0.29V and, secondly, an oxidative peak between -0.40V and -0.44Vwere exhibited by all electrodes. The more positive redox centers can be related to the nitrate reduction (being related to E 1 ), whereas the more negative single oxidation peak to the nitrite reduction. For the first redox couple the small shift to more positive values (in comparison to the turn-over signal) could be related to the small local pH-gradients.
This provides further evidence that the two reaction steps of nitrate reduction and nitrite reduction are catalyzed by two different redox moieties. However, the only very small current densities, even at low scan rates, as well as the lack of the corresponding reductive peak for the more negative redox systems aggravates any detailed analysis, so far.
The sequence of the potentials for nitrate reduction (E 1 =-0.30V) and nitrite reduction 
